Objective-To amplify the description of myocardial stunning. Design-Control versus 30 min after a 20 min no flow ischaemia. Experimental animals-i 5 isolated rabbit hearts perfused with erythrocyte suspension. Main outcome measures-Left ventricular systolic function in terms of aortic flow, peak systolic pressure (LVPmax), dP/dtmax, and the end systolic pressurevolume relation (ESPVR); early relaxation from dP/dtmin and rate of left ventricular pressure decay (T). Passive properties: ventricular and myocardial stiffness. Coronary resistance from coronary blood flow and perfusion pressure. Total myocardial oxygen consumption (MVo,tot). Total mechanical energy via pressure-volume area (PVA). Contractile efficiency (Econ) and MVo, of the unloaded contracting heart (MVo2unl).
flow, peak systolic pressure (LVPmax), dP/dtmax, and the end systolic pressurevolume relation (ESPVR); early relaxation from dP/dtmin and rate of left ventricular pressure decay (T) . Passive properties: ventricular and myocardial stiffness. Coronary resistance from coronary blood flow and perfusion pressure. Total myocardial oxygen consumption (MVo,tot). Total mechanical energy via pressure-volume area (PVA). Contractile efficiency (Econ) and MVo, of the unloaded contracting heart (MVo2unl).
External mechanical efficiency (Eext) from stroke work and MVo2tot.
Results-Systolic variables in stunned myocardium were significantly decreased (mean (SD)): aortic flow: 38 (13) v 9 (11) mllmin; LVPmax: 112 (19) (58) mm Hg/ml, but the volume axis intercept was shifted rightward: 0 30 (0.37) v 0*65 (0.25) ml. Likewise, early relaxation was impaired: dP/dtmin (-1275 (250) v -975 (250) mm Hg/s) and T (37 (7) v 46 (10) ms). LVPed was significantly decreased at 19 (12) v 12 (7) mm Hg, and both the ventricular (end diastolic pressure-volume relation) and the myocardial stiffness (constant k) were increased by 75% and 31%, respectively. Coronary resistance increased non-significantly from 0-83 (0.31) to 1.04 (0.41) mm HgI(mlnmin/100 g). Decreases in PVA (570 (280) v 270 (200) mm Hgnml/100 g), MVo2tot (40 (9) v 34 (8) ulIbeat/100 g), and MVo,unl (26 (9) v 22 (6) ,uIIbeat/100 g) did not reach significance, in contrast to significant decreases in Econ (31 (18) Conclusions-Ventricular systolic function is decreased after brief episodes of ischaemia. The decrease in diastolic function probably amplifies the systolic deterioration during myocardial stunning. Passive diastolic properties are also changed, shown by increases in both ventricular and myocardial stiffness. The increase in coronary resistance indicates stunning at the vascular level which could limit oxygen supply. With maintained MVo,tot during stunning, external efficiency is decreased. Possible candidates for this metabolic stunning are inadequate excitation-contraction coupling and disturbed 02 utilisation by the contractile apparatus.
(Heart 1996;75: [55] [56] [57] [58] [59] [60] [61] Keywords: stunning; coronary resistance; efficiency; isolated heart After brief periods of ischaemia, myocardial function remains depressed for hours or even days. This is known as myocardial stunning.1 2 Although there are many published reports on myocardial stunning,3-5 the phenomenon is far from completely understood. Many of the studies focus only on systolic properties6-8 as one aspect of that particular myocardial state.
Depending on the duration and severity of the ischaemic insult, postischaemic myocardium can become entirely2 or almost entirely akinetic.910 In the present study, we reveal some effects on diastolic properties that are similarly impaired after relative short periods of ischaemial [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] and could have a common basis with systolic properties at a cellular level.9 Thus changes in mechanical properties were also assessed in this study. The vascular system is additionally affected in the stunned myocardium, and endothelial cell injury,14 increased capillary permeability,'5 reduced reactive hyperaemia,'6 prolonged increase in coronary resistance,'7 18 or development of the no reflow phenomenon19 were reported.
Although ventricular function is depressed, oxygen consumption in the stunned myocardium is normal or close to normal.16 20 21 Hence the stunned myocardium is inefficient. To describe not only one aspect of myocardial stunning but this altered state as an entity, experiments were performed in isolated, blood perfused rabbit hearts, and haemodynamic and metabolic variables were assessed during normal perfusion and during reperfusion after global ischaemia. Systems) was used to assess aortic flow and a pressure transducer (P 23 ID, Statham) to measure aortic pressure (= afterload). In addition, this circuit permitted changing preloading and afterloading conditions. A 3F microtip manometer (SPR-249, Millar) was inserted into the balloon to measure left ventricular pressure. For measurement of left ventricular dimensions, sonomicrometry was employed (system 6, Triton): to assess the intraventricular diameter, two piezoelectric crystals were glued to either side of the balloon, and a third crystal was sutured to the left ventricular epicardium for assessment of wall thickness. All blood from the right heart was drained by a cannula placed in the pulmonary artery to measure total coronary blood flow using another ultrasonic flow probe. The difference in arteriovenous oxygen content was continu- The following variables were continuously registered with an eight channel forced-ink chart recorder (type 481, Brush): aortic flow, left ventricular pressure, dP/dt, intraventricular diameter, wall thickness, coronary blood flow, and the difference in arteriovenous oxygen content. The variables were simultaneously stored on magnetic disc after digitising at a sampling rate of 300 Hz for later analysis.
CALCULATIONS AND STATISTICS
Haemodynamic data were analysed from an average of six to eight consecutive beats. The end systolic pressure-volume relation, the pressure-volume area (PVA; fig 1A) , the relaxation rate T (monoexponentially fitting the left ventricular pressure decay), the ventricular stiffness (monoexponentially fitting the end diastolic pressure-volume relation), and the myocardial stiffness22 were calculated using a computer program EASYDAT23 and, if appropriate, using equations suggested by Mirsky.4 Coronary blood flow was normalised to 100 g wet weight. Coronary resistance was cal- The slope of the monoexponential EDPVR was steeper in the stunned myocardium, at 8-9 (5.7) v 5d1 (3-2) ml-', and the pressure axis intercept was almost unchanged: 1 (1) v 0 (1) mm Hg; fig 2B) . This fit therefore showed a rightward shift of the entire EDPVR. Myocardial stiffness was also plotted against stress. The slope (= stiffness constant k) of this linear relation was significantly increased in the stunned myocardium [179 (34) (LVPed) and in the unstressed diastolic segment length during early reperfusion.9 32 Comparably, circumferential length was Ltrac-increased at constant LVPed in our globally IVo2-stunned myocardium as indicated by intravennned tricular diameter. LVPed in this study was lo; fig decreased, however, if comparison was made iency at constant end diastolic volumes. Such segitrary ment lengthening (= creep) is explained as the result of overstretching the akinetic muscle fibres by adjacent non-ischaemic myocardium during ischaemia.9 13 33 Not much is known about myocardial creep. The fact that it is rties, readily reversible within 30 min by changing con-the inotropic state suggests that diastolic propction erties are not entirely passive.9 Its close correlaostis-tion with the recovery of systolic function, in iso-addition, suggests that creep is reversible. 9 The Because in our experiments regional heteroocar-geneities are unlikely to exist, the phenomevhich non of overstretch might also develop in the but globally ischaemic myocardium.
arteAnother approach to describe the effects of irdial ischaemia/reperfusion is based on using pasiately sive ventricular properties of the stunned -and myocardium by employing the end diastolic pressure-volume relation (= ventricular stiffness): its increase suggests that the ventricle had stiffened. However, ventricular stiffness varies with pressure, size, and shape, and therefore comparison between ventricles might be inappropriate. 24 In order to avoid less meaningful comparisons, another approach is based on the stress-strain concept for elastic material and considers elastic stiffness of the myocardium per se. For quantitating this muscle stiffness the index k was calculated. This index similarly showed increased stiffness.
The increased stiffness could very well be related to an ATP deficiency which is known to induce contracture or even rigor. However, there is experimental evidence that ATP stores in the stunned myocardium are reduced to about 60% of control after a 15 min coronary artery occlusion34 and are readily replenished to about 80%. 35 36 Ventricular stiffness, on the other hand, is related to the amount and distribution of collagen.3738 The cytoskeleton within the cells, as well as the residual interactions between thick and thin filaments that exist even in resting muscle cells, also appears to contribute to the diastolic stiffness.39 Structural damage of the collagen matrix has been reported to occur in the stunned myocardium. 40 On the other hand, no such damage in collagen network was observed in conscious dogs.4' We did not investigate cardiomyocyte structure and thus cannot determine to what amount changes in the collagen matrix contributed to changes in the stiffness; however, both increased stiffnesses speak against gross collagen matrix damage in our experiments.
The decrease in inotropic state is associated with a similar decrease in the relaxation ability.42 The impaired early relaxation, on the other hand, could also be influenced by the increased stiffness43: energy stored in the elastic wall elements during contraction is reduced in the stiffer myocardium and in consequence the energy that brings muscle fibres back into their original position is reduced,44 thus slowing relaxation.
The diastolic changes have considerable functional significance: the slowed relaxation shortens the length of diastole thus impeding coronary flow; the increased stiffness in turn, impedes ventricular filling. To maintain stroke volume, the heart needs rightward shifting on the diastolic pressure-volume curve which is energetically unfavourable.
CORONARY RESISTANCE
The reduced subendocardial flow in stunned myocardium'8 26 45 could reflect either injury of coronary vessels or reduced oxygen demand of dysfunctional myocardium. Because in other studies'62146 and in this study it was shown that MVo2 is preserved in stunned myocardium, it is likely that coronary resistance is increased after brief periods of ischaemia. On the basis of such increased resistances and significantly reduced coronary reserve in experiments on open chest dogs, the term microvascular stunning was coined. ' At least one study on waking dogs showed that the increased vascular resistance in stunned myocardium could affect ventricular function: after vasodilator induced increases in coronary blood flow, regional function in stunned myocardium was dramatically improved. '6 It must be remembered that these results hold only for short periods of hypoxia or ischaemia (< 20 min). Under these conditions, the time course of injury to myocytes and endothelial cells seems similar. 14 After longer periods, the myocardium becomes not only stunned but irreversibly damaged and severe vascular injury occurs, initiating the no flow phenomenon'7 19 and reperfusion haemorrhage. 50 So far endothelial barrier function has been discussed, but function of the endothelium in regulating regional blood flow has not been mentioned. Endothelium in coronary arteries is damaged after ischaemia and reperfusion.'45 52 Thus the vasodilator effect of nitric oxide is likely to be reduced. On the other hand, the acetylcholine induced relaxation of isolated53 and in vivo54 coronary arteries is reversed to contraction in the absence of endothelium. Similarly, NO stimulation of vasodilatation caused by acetylcholine, calcium ionophores, or platelets appears to be reduced in the stunned myocardium.51 Moreover, inhibition of NO synthesis enhances myocardial stunning in conscious dogs, and this is potentially independent of its effects on blood flow.52 OXYGEN CONSUMPTION Many studies have shown that MVo2 is pre-59 served in stunned myocardium'6 21 46 55 while mechanical work is depressed. In some studies, the relatively high MVo2 was explained by repair processes taking place in the stunned myocardium.456 Increased wall tension within the postischaemic area will play an additional role. In this study, total MVo2 at reduced function was slightly decreased, whereas the oxygen consumption for the unloaded contraction remained essentially unchanged, as was the case in a study on The depressed function and inadequately high MVo2 make the postischaemic myocardium energetically inefficient.20 21 60 Little is known about the time course, extent, and consequences of this inefficiency.56 61 The pressure-volume area (PVA, fig 1A) as a measure of the total mechanical work has proven to be a useful tool for investigation of cardiac dynamics.6364 The relation between MVo2 and the PVA has been shown to be linear in canine hearts57 and to describe the contractile efficiency. The MVo2-PVA framework allows partitioning of the MVo2 in one fraction that is associated with ventricular work (PVA dependent) and another that is non-workrelated. Hence these two aspects can be separated. Contractile efficiency of the stunned myocardium was clearly decreased in the present study. This result would fit into the concept that attributes the inefficiency in stunned myocardium to abnormalities in the contractile process2' or to some impairment between energy transfer and function of contractile proteins.46
SUMMARY
In the assessment of clinical postischaemic situations, it is definitely helpful to remember that the concept of myocardial stunning comprises multiple levels. Brief episodes of ischaemia do not only induce systolic stunning. Diastolic stunning might, in turn, contribute to the systolic postischaemic dysfunction, and changes in passive diastolic properties need distinct attention. The increase in coronary resistance seems to result from an increased capillary permeability and subsequent oedema, and probably from impaired vasodilator ability of the endothelium. The increased resistance could, in part, impede the oxygen supply and thus also contribute to functional impairment. The almost maintained MVo2 for the unloaded contraction suggests some impairment in excitationcontraction coupling, and both reduced efficiencies are indicative for an impaired 02 utilisation of the contractile apparatus which we propose should be called metabolic stunning. The increased coronary resistance and the MVo2 paradox have to be kept in mind if function in the stunned myocardium is augmented after drugs or during exercise; because both interventions are capable inducing a mismatch between 02 demand and 02 supply, initiation of repetitive stunning is likely.
